ABSTRACT Three-level simplified neutral point clamped (NPC) inverters are studied due to lower harmonics and fewer switching devices. Nevertheless, this topology needs to obtain neutral point (NP) voltage balance through either control or modulation methods. For the operation of photovoltaic application, the common-mode voltage (CMV) is needed to meet the requirements of leakage current. To address these issues, a modified predictive control method via two-layer vector selection criteria is proposed. In the first layer, the candidate switching vectors for the CMV reduction are selected. In the second layer, the P-type or N-type small vectors are selected for NP voltage balance. Then, the control method selects the optimized switching vector from the cost function consisting of the number of switching and the current, which can obtain the better performance depending on the power rating. Simulation and experimental verification results show that the modified predictive control method can reduce CMV and balance NP voltage both steady-state and transient process.
I. INTRODUCTION
Three-phase inverters are extensively used in various types of industrial applications, for example static var generator, photovoltaic (PV) and active power filter [1] - [4] . Generally, two-level inverter is used in the above industry application. However, the two-level inverter has the disadvantage of high harmonics. To address this issue, the multilevel inverter was presented due to the advantages of lower harmonics and reduced slew rate of the output voltage (dv/dt) [5] - [9] . Nowadays, one three-level simplified NPC inverter has been adopted in PV application due to the less switches, high compact size.
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The neutral point (NP) voltage must be controlled to zero in NPC inverter. Carrier-based PWM (CBPWM) and space vector modulation (SVM) are presented to balance NP voltage. In [10] - [13] , a novel CBPWM method was proposed to eliminate the NP oscillation considering current direction. In [14] - [16] , the NP voltage was controlled by adjusting the dwell time of the small vector. Nevertheless, the NP voltage cannot be eliminated because of the effect of the medium vector. To address this problem, a virtual SVPWM was proposed to eliminate the NP voltage under full power factor [17] . However, the switching loss is larger than conventional modulation method. It is observed that the absence of medium vector in three-level simplified NPC inverter make the above CBPWM and SVM cannot be used directly. To address this problem, a model predictive control method is proposed for three-level sparse NPC inverter, which can balance the NP voltage and track the current [18] .
In PV generation system, another issue must be addressed is common mode voltage (CMV) reduction. In [19] - [21] , CBPWM and SVM method were proposed to reduce CMV in multilevel inverters. In [22] - [24] , a novel space vector modulation with rearranging the switching sequence was presented to eliminate CMV. In [25] , a model predictive control method is proposed to reduce common-mode voltage and balance the neutral-point voltage in three-level T-type inverter. Nevertheless, the absence of medium vector makes the above methods [19] - [25] for conventional three-level converter inapplicable to three-level simplified NPC inverter.
To reduce CMV and NP voltage at the same time, an improved model predictive control method with twolayer vector selection criteria is proposed. In the first layer, the candidate switching vectors for the CMV reduction are selected. In the second layer, the NP voltage balance can be adjusted by selecting N-type small vector or P-type small vector. Then, the optimized switching vector is selected from the cost function consisting of the number of switching and current, which can obtain better performance depending on the power rating.
II. THE MODEL OF THREE-LEVEL SIMPLIFIED NPC INVERTER
In Fig. 1 , the topology of three-level simplified NPC inverter is composed by renewable energy (for example photovoltaic), three-level simplified NPC inverter, filter inductors and grid voltages.
Three-level simplified NPC topology is mainly composed of dual buck converter and two-level inverter. Assuming that NP voltage is balanced in three-level simplified NPC inverter, the upper capacitor voltage V P and lower capacitor voltage V N are defined as
In Eq. (1), the switching function S dc1 and S dc2 are defined as Therefore, combing the Eq. (1) and Eq. (2), we can obtain the output voltage of three-level simplified NPC inverter as
where S j is the switching of two-level inverter. From Eq. (3), the switching of the simplified NPC inverter can be calculated as
Although the topology contains a two-level inverter, the output voltage can obtain three voltage levels by the switching state. The state P, O, N can be defined as V dc /2, 0 and −V dc /2. Therefore, the space vector of this topology can be shown in Fig. 2 .
As shown in Fig. 2 , there are 21 switching status and 13 basic voltage vectors which are divided into large vector, small vector, and zero vector. It is interesting to find that the medium vector is absent. Therefore, the conventional MPC method applying the three-level NPC inverter cannot be applied directly.
III. CMV REDUCTION AND NP VOLTAGE BALANCE METHOD FOR THREE-LEVEL SIMPLIFIED NPC INVERTER
To reduce the CMV and balance the NP voltage, a novel predictive control method is proposed. Three principles should be followed.
(1) CMV reduction is realized if voltage vectors causing higher CMVs do not participate in the modulation.
(2) For NP voltage balance, the appropriate P-type and N-type small vectors are selected in the sampling time.
(3) In order to ensure better performance of the system, current THD at low current and efficiency at high current are selected by the weighing factor.
A. THE MODEL OF THE THREE-LEVEL SIMPLIFIED NPC INVERTER
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where V k is the output voltages of three-level simplified NPC inverter. i k is the output current of inverter. e k (k = a, b, c.), R, and L are the grid voltage, resistance, and inductance, respectively. For easier execution, Eq. (5) is converted to αβ reference frame as
In order to achieve the model predictive control, the discrete model is derived based on backward-Euler approximation.
In the real-time implementation of model predictive control algorithm, a time delay due to the signals measurements and algorithm calculations is introduced. To accurately track the current, the time delay must be considered in the process. In this paper, a one-step prediction is adopted to compensate the effective of time delay [25] . Thus, Eq. (7) is expressed as
The inverter output currents at (k + 1)th instant i * αβ (k + 1) should track the reference current i * αβ (k + 1) by the proposed model predictive control method. i * αβ (k+1) is the reference current at the (k+1)th instant, which is used to represent the real current in (k+1)th instant i αβ (k +1). Considering the constant sampling period, according to the Lagrange extrapolation theorem, the reference current can be expressed as followings [26] 
In three-level simplified NPC inverter, n is selected as 2 for the sinusoidal references. Then the reference current of threelevel simplified NPC inverter can be calculated as [27] - [29] 
In Fig. 1 , the CMV V CM is expressed as Table 2 and Fig. 3 .
C. NP VOLTAGE BALANCE METHOD
The discrete-time model with time delay compensation for the dc-link capacitor voltages and NP voltage are expressed as
where V Pj (k+1) and V Nj (k+1) are upper and lower dc-link capacitor voltages of the j-th rectifier, i pj (k+1) and i nj (k+1) are currents through upper and lower dc-link capacitor. V NPj (k+1) is the NP voltage at (k+1)th instant. Based on the In Fig. 1 , the capacitor voltage will imbalance caused by the parameter of the circuit. It is interesting to find that the N-type or P-type small vector has opposite outcomes on NP voltage. For example, as shown in Fig. 4(a) , the N-type small voltage vector [OON] discharges the lower capacitor and reduces V N . The P-type small vector [POO] shown in Fig. 4(b) discharges the upper capacitor and reduces V P . Likewise, the other N-type or P-type small vector has opposite effects in the capacitor voltage, which is summarized in Table 3 . In order to control NP voltage balance, the appropriate small voltage vector is selected according to the relationship of V P and V N . Based on the analysis as mentioned above, when V P < V N , one of N-type small voltage vector with low CMV is selected to reduce V N . While, one of P-type small voltage vector with low CMV is used to reduce V P when V P > V N .
D. COST FUNCTION
For three-level simplified NPC inverter, three control objectives are set for model predictive control method: one is to achieve rapid and accurate current tracking. The others are to balance NP voltage and guarantee the effective operation of the inverter in terms of efficiency and current ripple. Thus, the cost function of the model predictive control based on the current model can be expressed as
In practice, for increasing the efficiency, the number of switching of three-level simplified NPC inverter should be reduced at the large current. Nevertheless, when the output current is very small, the efficiency of the inverter does not improve significantly. In addition, the current ripple is very important at the small output current. S k → k +1 is the number of switching when output voltage u(k) changes to u(k+1). In Sector I, S k → k +1 is shown in Fig. 5 . For example, when the vector
It can be seen that three control objects of current tracking, NP voltage balancing and the number of switching are included in Eq. (13) . So the prediction models in Eq. (8), Eq. (12) and Eq. (14) need to be computed for all the space voltage vectors. Then the cost function g 1 must be evaluated for all the space voltage vectors to find the optimal space voltage vector. Thus, 13× current predictions, 13× lower and upper dc-link voltage predictions, 13× switching number predictions and 13× cost function evaluations are required totally to obtain the optimal voltage vector.
The large computations are time consuming. In order to reduce the computational time, the reference current i * αβ (k+1) is inserted into (8) and rearranging (8) yields the VOLUME 7, 2019 (predicted) reference voltage vector as
Applying V * αβ (k+1) can control the current i αβ (k+1) to track the reference current i * αβ (k+1) in the next sampling time instant. Then, the cost function using the voltage model is expressed as
As shown in Eq. (15) and Eq. (16), only 1 times voltage vector calculation can be used to replace the 13 times current prediction. Therefore, the computational complexity is greatly reduced using the cost function Eq. (16) compared with Eq. (13).
However, another problem of Eq. (16) should be solved is the selection of weighting factors for NP voltage balance. As analyzed earlier, The N-type and P-type small vectors have opposite effect on NP voltage. So, the small vector can be selected for balancing the NP voltage. In Fig. 6 , when the NP voltage is smaller than zero, P-type small vector V 7 , V 11 , V 15 are selected for reducing the NP voltage imbalance. When the NP voltage is larger than zero, small vector V 10 , V 14 , V 18 are selected for reducing the NP voltage imbalance. Therefore, when V NP > 0, the voltage vectors of V 0 ∼V 6 and N-type small vectors of V 10 , V 14 and V 18 are used as the candidate vector in the proposed model predictive control method to calculate the cost function and to find the optimal one for the inverter controlling. While, when V NP <0, the voltage vectors of V 0 ∼V 6 and N-type small vectors of V 7 , V 11 and V 15 are used as the candidate vector in the proposed algorithm. The candidate voltage vectors using proposed model predictive control method for CMV reduction and NP voltage balance are shown in Fig. 6 .
The NP voltage balance can be attained by using redundant small voltage vectors. The corresponding cost function without weighting factors can be expressed as (17) In Eq. (17), the number of switching should be reduced for increasing efficiency. On the contrary, the current ripple should be more important factor in the small current system. Therefore, the cost function g 3 contains the vector and the number of switching.
E. IMPLEMENTATION STEPS
In order to elaborate the process of the proposed modified predictive control method, the flow chart of the proposed method is shown in Fig. 7 . Firstly, currents i a (k), i b (k), i c (k), V P (k) and V N (k) are measured. Then, reference current, voltage vector and dc-link voltage in (k + 1)th instant are calculated. The candidate voltage vectors with low CMV are determined based on Fig. 6 . The NP voltage balance is realized with this method. Lastly, the optimized switching vector is selected from cost function consisting of current and the number of switching, which can obtain better performance depending on the power rating.
IV. SIMULATION AND EXPERIMENTAL RESULTS
To verify the effectiveness of the proposed model predictive control method, comprehensive simulation and experimental results have been obtained. The conventional method [18] without CMV reduction is compared with the proposed scheme in simulations and experiments. The parameters are shown in Table 4 .
A. SIMULATION RESULTS
(1) Steady-state results of NP voltage balance and CMV reduction. Fig. 8 shows the simulation waveforms of the current, capacitor voltage and CMV when the power factor (PF) is equal to 1. As shown in Fig. 8(a) , the NP voltage imbalance is reduced by the conventional model predictive control method. However, the amplitude of the CMV is 133V using the conventional method because the all vectors are adopted. In order to address this problem, a modified model predictive control method is proposed. In Fig. 8(b) , the CMV is reduced to 67V. However, the difference of NP voltage is the same as the conventional method.
When PF=0.5, we can see from Fig. 9 that the NP voltages balance and current tracking are realized simultaneously using the conventional method and proposed method. However, amplitude of CMV using the proposed method is half of that conventional method. The simulation results verify the previous theoretical analysis.
(2) Dynamic-state results of the simulation. Depending on λ 2 , the current ripple and the number of switching during a fundamental period are determined as shown in Fig. 10 . With the small λ 2 as shown in Fig. 10 , the number of switching is increased; however, the current ripple is decreased.
In order to prove the NP voltage balance dynamic performance of the proposed method, Fig. 11 shows the NP voltage, currents and CMV with different PF. As shown In VOLUME 7, 2019 11 , we can see that the adjustment ability under low PF is stronger than that under high PF. Furthermore, after returning to the balanced state, the NP voltage is well controlled without AC ripple.
To prove the current tracking, Fig. 12 shows the reference current of the inverter changes from 20A to 30A and from 30A to 20A. We can see from Fig. 12 that NP voltage can be controlled well even the current step process.
B. EXPERIMENTAL RESULTS
To verify the advantages of the proposed control method, the experimental tests were conducted using a prototype setup of three-level simplified NPC inverter. The parameters are also shown in Table 4 . (1) Steady-state results of NP voltage balance and CMV reduction.
To prove CMV reduction and NP voltage balance, Fig. 13 shows the current, capacitor voltage and CMV. We can see from Fig. 13(a) that CMV is 134V using conventional method. In order to reduce CMV, in Fig. 13(b) , CMV is reduced to 67V using the proposed method. However, the difference of NP voltage can be controlled well using conventional method and proposed method.
To prove the effectiveness of the proposed MPC, PF is equal to 0.5. As shown in Fig. 14 , there is no DC offset and AC ripple on NP voltage, which is the same as conventional MPC method. However, the amplitude of CMV is half of the conventional method. The experimental results are well consistent with the simulation result, which indicates that proposed method has better control qualities on NP voltage and CMV.
(2) Dynamic-state NP voltage balance and current tracking evaluation.
The NP voltage adjustment ability under different PF is shown in Fig. 15 . By using the control method proposed in this paper, V NP can quickly change from no-zero to zero at different PF. We can see from Fig. 15 that the control performance of this method is better under the condition of low PF load. In addition, the NP voltage is well adjusted without AC ripple when the NP voltage is recovered into the balanced state. Fig. 16 shows the currents dynamic-state when proposed model predictive control method is applied. In this experiment, reference current of the inverter changes from 20A to 30A and from 30A to 20A. We can see from Fig. 16 that NP voltage can be well controlled almost without DC offset and AC ripple. Therefore, NP voltage can be well controlled using the proposed control method in dynamic process. To prove better performance of three-level simplified NPC inverter, current THD and switching loss are selected by the weighing factor. We can see from Fig. 17 that with the smaller λ 2 , the current ripple is decreased; however, the number of switching is increased.
V. CONCLUSION
In this paper, three-level simplified NPC inverter is used due to lower harmonics, fewer switching devices, the larger power capacity and the flexibility. However, CMV reduction and NP voltage balance are required in practice. The conventional control and modulation method reported so far cannot address them properly. To address the problem, a modified model predictive control strategy is proposed to reduce CMV and balance NP voltage based on discrete mathematical model. By optimizing the implementation of the control objectives and simplifying the rolling optimization, the proposed model predictive control method is simpler to expand to multilevel inverters. Moreover, current THD at low current and the efficiency at high current are selected by weighing factor to ensure better performance of three-level simplified NPC inverter. Both steady-state and transient performances of three-level simplified NPC inverter have been validated in simulation and experimental conditions. XIANGRONG TONG received the Ph.D. degree in computer science and technology from Beijing Jiaotong University. He is currently a Full Professor with Yantai University. He has published more than 50 articles in well-known journals and conferences. He has also presided and joined three national projects and three provincial projects. His research interests include computer science, intelligent information processing, and social networks. VOLUME 7, 2019 
